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DESCRTIPTION AND INVESTIGATION OF A DYNAMIC MODEL

OF THE XH-17 TWO-BLADE JET-DRIVEN HELICOPTER

By George W. Brooks and Msurice A. Sylvester

SUMMARY

A description and results of an investigsiion of a- 10 —~sacale dynamic

model of the XH-17 two--blade, Jet-powered helicopter 1s presented. Tests
were made with a configuration which corresponded to the configuration of
the prototype and with a configuration which had several modifications.
These modifications included varylng the slze of blade counterwelghts,
changing the control stiffness and chordwise bending stiffness of the
blades, and varying the pylon and undercarriage damping and spring con-
stants for different model gross-weight conditions.

In fliutter tests, of the model, rotor-blade flutter of the classical
bending-torsion type was encountered &t rotor speeds corresponding to
full-scale tip speeds near the overspeed limit of 800 feet per second.
When the natural. frequencies of the blades in first torsion were adjusted
so that the frequency in the cyclic mode was spproximstely equal to the
frequency in the collective mode, it was observed that the blades would
flutter in either the cyclic or collective mode, depending on whether the
model was externally vibrated. The test results showed that the flutter
speed could be raised elther by placing weights in the outboard counter-
welght boxes ahead of the leading edges of the hlades or by increasing
the natural frequenciles of the blades in first torsion. Flutter tests
made with the model rotor mounted on a rigid pylon showed the design
counterweights to be more effective in eliminating pitch divergence than
in eliminating flutter.

No unsteble ground vibratlons were observed during any of the model
tests. These tests included runs for which most of the pylon damping
and spring constants were varied in the order of from 3/k to 2 times the
design value. : o

LINCI ASSIFIFD



2 NACA RM L50I21

INTRODUCTION

The development of hellcopters has accelerated rapildly in recent
times both from an aserodynamic and structural standpoint, but there still
exist many vibrations problems common to most helicopters. In an effort
to obtaln & clearer understanding of some of these problems, the Natlonal
Advisory Committee for Aeronsutics has undertaken some analytical and
experimental work on vibration and flutter aspects of helicopters. As
a part of the investigation 1t was considered expedient to perform some
of the work for a specific model of & full-scale prototype and to divide
this work into two phases: a first phase dedling more specifically with
parameters that correspond to values of the full-scale helicopter, and
a second and more general phase which involves a variation of the model
parameters. The present paper desls with the first phase of this work _ -
and relates to the XH-1T7 helicopter.

The XH-17 helicopter 1is a large. helicopter having many unconventional
features, among which are the following:

(1) The helicopter has a jet-powered rotor which is 130 feet in -
diameter and composed of two ducted blades. Each blade 1s equipped with

four Jjets located nesr the blade tip. Compressed air is supplied to the *
blade-tip Jets at an=absolute pressure of approximstely 2% atmospheres by
two axial-flow compressors located in the fuselage Additional thrust— e

is obtained by burning fuel in these Jets.

(2) The blades are tonnected to the hub by two laminated blade-
retention straps which transfer the centrifugal forces into the hub and
permit the blades individusl freedom in the flapping plene. The lag
motion of the blades is effectively eliminated by the blade centrifugal
forces.

(3) Each blade i1s equipped with two counterweights which are used
to adjust the blade center-of-gravity distribution and flutter charac-
teristics. The counterweights are located ahead of the blade leading

edge at radial position of % = 0.13 and 0.85, respectively.

(4) The pylon is attached to the fuselage in a manner which permits
it to fléat, that is, to translate relative to the fuselage with the
motion of a springloaded.parallelogrem-linksge system. The spring con-
stant and natural frequency of the pylon motlion relatlive to the fuselage
are reduced as the rotor thrust is increased.

These unconventlonal features are believed to be of genersl interest
to designers of large helicopters and warranted the study of a dynemic
model., It—was deemed advissble to use a scaled dynamlc model because the, -
experimental results could serve as a useful gulde in the analytical
gtudies, particularly In the selection of the important vibratlon modes.
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This paper presents the design scale factors and discusses the con-
. structlion end initial tests of the model. The model was chosen to be

a f%—scale model. Tables snd figures are included to show the signifi-
cant model parameters and desién features, and results of the ground-
vibrations tests and flutter tests are presented. TIn addition, the
paper presents the general characteristics of a 3-per-revolution anti-
symmetric blade-bending oscillation recorded during the tests.

APPARATUS AND METHODS

Model Scale Factors ’

Before giving a detalled descriptlon of the model, a summary of the
model scele factors i1s presented. One important consideration in the
determination of these scale factors is the Reynolds number effect.
Strictly speaking, for complete similarity, the Reynolds number of the
model and prototype should be the same. In order to meet other scale-
factor requirements, however, the condition of Reynolds mumber similarity
could not be met. Even so, 1t was believed that the Reynolds number
effects could be minimized if the model scale factors were chosen such
that the overspeed Reynolds number of the model blade tips was of the
order of one milliion or more. To meet this considerstion and to obtain
sufficient detail in the model, a scale factor of 1/10 for length wes
found suitable. For classical flutter similarity, x for the model and
prototype must be the seme, where &k (see references 1 and 2) i1s given

by the equation k = ;%E in which:

p air density, slugs per cubic foot
b blade half chord, feet
M blade spanwise mass distribution, slugs per foot

From this relation and the scale factor for length, the scale factor for
welght was determined to be 1/1000. Coleman has shown in references 3
and 4 that in the extreme case where the inertias forces and air forces
are dominant 1n comparison with the elastic forces, a flutter phenomenon
chearacterized by a low flutter frequency mey be encountered on helicopter
rotor blades. Since this low-frequency type of helicopter-rotor-blade
flutter is dependent on the blade coning and piltch angles, the model and
full-scale helicopter in the hovering condition should be operated at
similar aection 1ift coefficients. From this considerstion and the scale
fdctors for length and welght, the scale factor for rotor rotational

frequency is fixed &t \flO, which is also the scale factor for all other
characteristic model frequencies.
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For these scale factors and atmospheric test conditions, the con-
ditiorn of Mach number gimilarity cannot be met. The overspeed tip Mach
nunber cobtained on the model during the.tests was approximately 0.22,
whereas the corresponding overspeed tip Mach number for the prototype
is approximately 0.70. These values are based on a prototype tip speed
of 800 feet per second. This difference in model and full-scale Msch
numbers should be kept in mind when the model test results are used to
predict full-scale phenomena.

When the scale factors for length, mess, and frequency have been
obtained, all other scile factors may be obtained either from the egua-
tlons of motion for flutter and ground vibrations, or by the use of
dimensional analysis. The scale factors of general interest are:

MBEB « v+ v 4« v 4 e e e i e e e e e e e e e e e e e e e .. 1/1000
Length . . . S s Ko
Length ratios (that is, c. g. location in percent of blade chord) . . 1
FreQUENCY .« « = « o o o o o o o o o o s e e et e e e e e e .. IO
TIME o & ¢ ¢ v « v o & o« o o o s a o &« = o o o o « o o o & « « l/VlO
VEloCLtY « + v v v v v e b et e e e e e e e e e e e e e e e .. IAID
Alr density . ¢ ¢ o i b b i i h e e e e e e e e e e e s e e
Mass moment of inertla . « « « « + ¢ 4 & ¢« 4 o o o4 &+ . . o . . 1/103
Bending stiffness (EI) + « « o « o v o o o o o o s o v v w o o . 1/10°
Torsional stiffness (GJ) . + « + & « v v ¢ 4 v v v v o v o o v o 1/102
Linear spring constant . . . + « « + & & « « + + 4 « &« . « . . 1/10°
Viecous damping comstant . « « « v « ¢ 4 4 . w0 0 e . . R S
102y10

Summery of Model and Full-Scale Parameters

The pertinent full-scale helicopter parameters were supplled by the
Hughes Ailrcraft Company and were used as & guilde in designing the model.
A summary of some of the model and full-scale parameters ig presented in
tables I, II, and ITI, and In figures 1 and 2.

Table I presents a comparison between the model and full-scale epan-
wise distribution of k as well as the average values. Tsble II presents
a comparison of the rotor-blade natural frequencies during the three
series of model flutter tests. The frequencies are given for the blades
resting on the droop stops and for the blades supported off the droop
stupe by elastic chords located at blade station 65.5. The model velues
are expressed in terms of the corresponding full-scale values by use of
the indicated scale fattor. Table ITI compares the model parameters used
during the ground-vibrations tests with full-scale values for two dif-
ferent gross-welght conditions. Again the model values are converted to
full-scale values by use of indicated scale factors.

1
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Figures 1 and 2 present a comparison between the model and full-
scale spanwise distributions of the blade msss and chordwise center-of-
gravity location.

Model Deacription

Since the investlgation is concerned only with the dynsmic properties
of the helicopter it was not necessary to construct an exact scale model
of precise detail, but rather a dynamic model which would contain the
major degrees of freedom and design features of the full-scale helicopter.
In an effort to obtain results of a more general nalure, proviglons were
made for varying the model parameters so as to obtaln tests resulis over
a wide range of model operating conditlons. A general description of the
model follows and is given with the ald of general view and close-up
photographs (figs. 3 to 9) and with the aid of schematic diagrams
(figs. 10 to 13).

Model power supply.- The XH-17 dynamic model is powered by compressed
alr, drawn from a 2-1nch supply main at a static pressure of 105 pounds
per square inch sbsolute. The alr supply to the rotor is controlled by
a gate valve, from which it passes upward through a series of small .
flexible tubes to the pylon manifold, (see figs. 3, L4, and 6) through the
pylon and hub to the inboard-blade manifolds. From the inboard manifold,
the alr passes through two fabricated flexlble tubes into the outboard
manifold and through the jJet nozzles. These Jjet nozzles ere located four
at each tip and are placed along the chord line perpendicular to the
gquarter-chord line. (See fig. 5.) The Jet nozzles are & parabolic-
convergence - straight-tail-pipe design with an inlet dlemeter of
0.75 inch, a throat dismeter of 0.23 Inch, and & tall-pipe length of
3 inches.

The tall rotor on the prototype is replaced by & Jet nozzle similar
to the rotor nozzles except thaet no tail pipe is used. The alr is
supplied from tkhe supply main through & separate gate valve and hose
system to the nozzle.

Rotor blades.- The rotor blades are shown in figures 3, 4, 5, and 10.
The blades are of rectangular plan form, untwisted, and have a chord of
6.8 inches. The rotor has a dismeter of 13 feet and a solidity of 0.055.
The airfoil section is the NACA 23018. The blade spanwlse welght dis-
tributlion is given in figure 1 snd the spanwise distribution of the
chordwise center-of-gravity locatlon 1s gilven in figure 2. The curves
of figures 1 and 2 do not include the effects of the imboard counter-
welghts which are shown on the figures'as concentrated weights. The

basic blade structure consists of & %-inch round spar of 24S0 sluminum

alloy located along .the guarter chord. Alumimum ribs are welded to the
spar at intervals of 6.55 inches. Interspersed at equal intervals between
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the metal ribs are three balse ribs. Balsa stringers are placed along
the leading and trailing edges ‘to support the skin. The gkin consists

of.é%—inch balsa (6 1b/cu ft) glued to the ribs with the grain running

spanwise and covered by linen fabric fastened to the balse with dope.
Since balsa ie used on the model and since the ratio of the shear to
tension modulus is considersbly lower for balsa than the aluminum used
on the prototype, the iinen fabric is laid on the blas, with respect to
the blade guarter-chord line, to bring the blade torsional rigidity up
to the desired value.  The aluminum spar (see fig. 5) structurally con-
nects the inboard-transition manifold to the outboard-jet menifold. The

compressed alr is carried between the manifolds by two 7-inch-diameter
Y 8

tubes which pass through the ribs and lie, oné on each side of the metal
spar. _The alr tubes are fabricated by wrapping linen tape around vinylite
tubing and bonding with rubber cement. The tape, L—inches in width, is
first wrapped longltudinally (in cigarette fashion) to prevent lengthening
end then spirally to prevent radial expansion. This type of constructicn
was necessary to obtain a lightweight, flexible tube of high strength and
durability.

The two inboard metal ribs are jolned together at the top and bottom
surfaces by welded aluminum-alloy plates. (See end rib plates in fig. 5.)
Two cover plates are used to connect the flanged trameition piece (inboard
manifold) to the rib plates. The blade skin extends over the rib plates
and is held between the rib plates and cover plates. Small lugs are
attached to the leading and trailing edges of each metal rib so that
additional weights msy be zdded to change the chordwise center-of-gravity
position if desired. An additional means of changing the chordwise
center-of-gravity position 1s provided by varying the msses and chordwise
location of the inboard and outboard counterweights. (See fig. 10.) The
outboard counterwelght box is a balsa-covered aluminum frame attached to

the blade at % = 0.85. A section of the cover opens and allows access

to s threaded steel rod upon which additional welight may be placed and
adjusted. The inboard counterweight 1s simply a threaded aluminum-alloy
rod containing an adjusteble brasgs welght which extends forward of the
leading edge in a plane 8° below the plane of the chord line and is

attached at % = 0.13. The weight-distribution curves of figure 1

Inciude the design values for the outboard'counterweights. The model
inboard counterweight as well as the full-scale imboard counterweight,
piltch bearing housing and droop stop are shown as concentrated weights.

Rotor hub and suspension system.- The rotor hub 1s shown in fig-
ures 6, 7, 10, and 12. The hub T-spimner is cast megnesium which is
machined to fit two lightweight helicopter type of ball besarings which
are located one each st the top and bottom af the spinner housing. The
thrust load is transferred from. the spinner, through the bearings to
the spinner housing, through the connecting arms to the bottom bey of
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the suspension system, up the vertical links to the top bgy and Into

the fuselage. (See fig. 12.) The rotor blades are permitted to pitch

by use of bearings at the inboard ends. (See bearing housing in fig. 10.)
These bearing housings are restrained from rotating by two cantilever
arms but are allowed to extend spanwise by means of sliding pins attached
to the free ends of the cantilevers. Flexible bronze bellows are used

to provide a flexible sir passage between the T-spinner and the bearing
bhousings. The centrifugal loads are transmitted to the T-aspinner by
flexible steel streps.

As illustrated by the sketches of figure 11, the suspension system
is essentielly a parallelogram, the bottom bay of which is rigidly
sttached to the spinner housing and the top bay rigidly ettached to the
fuselage. A, B, C, D, E, F, G, and H are universal Jolnts. The bottom
bay, E, ¥, G, H, is restralned in tramslation relative to the top bsy,
A, B, C, D, by four torsion-spring assemblies similsr to the detail of
link GH. These torsion springs provide a relatlive spring constant between
the pylon and fuselage of 24.28 pounds per inch in any horizontal direc-
tion. This type of suspension system prevents rotation of the bottom
bay relative to the top bay. The top bay 1s also conmnected to the pylon
by four viscous dampers, situated so as to dampen the relative motion
between the pylon and fuselage equally in all directions.

Fuselage.- The fuselage is constructed of welded aluminum tubing,
(see figs. 3, B4, and 6). 1In scaling the fuselage, only the over-all
dimensions were scaled and no attempt was mede to scale the structural
rigidity or stress distribution of the prototype. Ballast welghts mey
be added to the fuselage to obtain the desired weight conditions, center-~
of-gravity locations, and fuselage moments of inertia. (See figs. 3, 8,
and 9.) The tail jet is located at the tip of the tall boom.

Landlng gear.- Figures 8 and 9 show the front end rear wheel-strut
agssemblies, respectively As shown in figure 8, the front strut is
canted forward 12°. Due to the fact that this forward cant produced a
consideraeble bending moment in the strut and caused the struts to bind
under high gross weight conditions, these struts were later adjusted to
a vertical position as shown in figure 3. The ballast weights shown
are those mentioned in a previous paragraph. The strut assembly consists
of an alumimm-alloy strut and damper, and two semicircular siteel springs
rigidly attached to the strut at each end. The dampers consist of two
concentric cylindricel surfaces with a circumferential clearance of
approximately 0.001 _inch. The outer cylinder contains an oil groove,
1/16 inch deep and 1/l inch wide (along the cylinder axis) cut around
the imner circumference at the center of the cylinder to melintaln constant
lubrication. Fluids of verious viscositles are used to vary the damping
constant. The dampers, as shown in the figures, are covered with rubber
sleeves to shield them from dust and other foreign matter. The spring
constant of the strut assembly may be adjusted by clamps located around
the circumference of the springs (faintly visible in fig. 3). The wheels
and tires are standard model aircraft parts. The air pressure in the
tires may be varied from O to 10 pounds per square inch with a resulting
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variation in the tire spring and damping constants. To simulate the
brakes-on condition the rear wheels may be locked by tightening the
axle nut.

Control system.- The swash plate-control assembly is shown In fig-
ures 7 and 13. The swash plate is mounted on a sleeve (see also fig. 12)
which is moved vertically on-the spinner housing by a double-acting
hydraulic cylinder. Figure T shows the sleeve in the extended position,
that i1s, the location for meximum-blade collective pitch. Two other
double-acting hydraulic cylinders are mounted on the sliding sgleeve,
located 90° spart around the sleeve, and provide for cyclic-pitch varia-
tion by actuating the gimbal rings of the swash plate. The three model
control cylinders are actuated by master contrcl cylinders located at
the control station. The model and master cylinders are connected by
flexible tubing supplied with hydraulic fluld under pressure. As a
safety precaution, guy cables are attached to the upper-fuselage bey and
are rigged to permit the model to be pulled to the floor.

Instrumentation.- The instrumentation of the model 18 accomplished
by the use of asccelerometers and electrical-resistance strain geges.
Both blades are equipped with strain gages at the inboard blade sections

ﬁ = 0.36 +to indicate blade bending and torsion. Strain gages are 8180

located on the cyclic-pltch coupling arm to indicate cyclic-blade root-
pitching motion of the rotor blades and on cantilever springs to indicsate
the motion of the pylon relative to the fuselasge. Five accelerometers
are located on the fuselage to indicate motion in sny of its six degrees
of freedom. The instantasneous rotor speed in rpm is observed with the
aid of an optical device consisting of a mirror and rotating prism. A
measure of the exact rotor speed is also obtalned on an osclllograph
record by a one-per-revolutlon rotor speed timer.

Testing Technigue .

All the model tests were made Iindoors at zero forward velocity The
test results were recorded with an oscillograph; in addition, the ground-
vibrations tests were photographed with 16-millimeter motion-picture
cameras.

 Some of the flutter tests were made with the model tethered to the

floor by taut guy cdbles and with the wheel-strut assemblles replaced by
flanged supports. (See fig. 4.) The pylon dampers were replaced by
rigld links to eliminate the relative motion between the pylon and
fuselsge. This was done to Iinsure that no unsteble ground vibrations
would occur during these tests. Furthermore, it was not believed that .
the flutter speed would be changed apprecisbly by tethering the model to
the floor. Following these tests, ground-vibrations tests were made and
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additional flutter tests were run with the model mounted on its tires
and with all dampers installed. The only model restraints used during
these flutter tests were the four safety cables attached to the upper
bay of the fuselsage which were used to hold the model near the floor.
During some of these tests, the model was shaken vigorously in an effort
to determine the effect of externally applied vibrations on the flutter
characteristics. After.these tests, the rotor was mounted on a rigld
pylon with the rotor plane located 52 inches above the floor to determine
the effect of the coumterweights on flutter. During all of the flutter
tests, the rotor. speed was slowly increased until flutter was obtalned,
or in the g@bsence of flutter, until 4/3 design speed was reached. This
represents & model tip speed of 251 feet per second and corresponds to
a prototype tip speed of 800 feet per second.

In the ground-vibrations tests, the model was completely assembled
and the guy cebles relaxed and used as safety restraints to keep the
model from drifting while air-borne. (See fig. 3.} The blade-pitch
control stiffness was incressed sufficiently to eliminste the possibiliity
of flutter during the ground-vibrations tests. The. rotor speed was varied
in increments of 40 rpm until the model became air-borne. Following each
increment in speed, the model was rocked in both the pitching and rolling
planes; the subsequent motion was observed and recorded.

RESULTS AND DISCUSSION

Flutter Testsl

Three series of flutter tests were made on the model and one seriles
with the model rotor mounted on & rigid pylon. These tests represented a
wide range of operating conditions, particulsrly in the veriation of the
blade torslonal frequencies and counterwelght configurations. The blade
frequencies for the model tests are presented in table II accompanied by
sketches to ldentify the verious bending modes. The "off stops" frequen-
cies were obtalned by supporting the blades with elastic cord of very low
stiffness at station 65.5. The model frequencies have been converted to
the corresponding full-scale values and presented along wlth the full-
scale frequencles which represented that particulsr test condition.
Although the conmbrol-system linkage for the tests made with the rotor
mounted on the rigld pylon was ldentical to that used during the third
gseries of model flutter tests, the natural frequencies of the rotor when
mounted on the rigid pylon are increased approximately 25 percent. A
sumary of the flutter test results 1s presented in tables IV and V and
a chart for conversion of model speeds and frequencies to the corres-
ponding full-scale values is presented in figure 1k. The only type of
flutter encountered during the tests was the classical type of bending-
torsion flubtter. A description of and the results found in each of the
four geries of tests follows.
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FPirst serles of flutter tests.- The first serles of flutter tests
was run with the pylon rigidly attached to the fuselage (that is, the
dempers were replaced by rigid links) and wlth the fuselage fastened to
the floor. .(See fig. L4.) 1In these tests, flutter involving cyclic
torsional motion and antisymmetric bending motion of the blades was
encountered. (See table IV.) A portion of the cscillograph recoxd of
the flutter is shown in figure 15. The flutter speed was ralsed by
placing welghts in the outhosrd counterweight boxes ahead of the blade
leading edges. As soon as flutter was observed, the power to the rotor
was cut off; therefore, the duration of flutter as given In table IV may
have been influenced accordingly.

Second series of flutter tests.- The second series of flutter tests
was made with the model assembled 1n the same manner as for the first
series of teets. The major difference in the model parameters during
the filret two series of flutter tests was the difference in the torsional
fregquencies of the blades. The torsional frequencies were varied by
changing the blade control stiffness. The second series included runs
at varicus pitch angles and counterweight configurations. These varia-
tions are shown in table IV. No flutter was encountered during any of
these tests.

Third series of flutter tests.- The third series of flutter tests
were made after the ground-vibration tests and with the model mounted on
its landing gear and free to vibrate in all of its degrees of freedom;
the only restraints were the four safety wires attached to the upper bay
of the fuselage which were held in a relaxed position to allow the model
to vibrate vertically or rock on the tires. In addition to the blade fre-
quencles given in table II and the flutter test results given in table IV,
gome additional parameters are important for these tests. These are con-
verted to the corresponding full-scale values and are listed as follows:

Weight of—d1tems suspended on the suspension system, pounds . . . 18,080
Fuselage weight, pounds . . . . . ¢ « & ¢« « ¢ o o« & « e« « .« 23,730
Grosa weight, pounds . . . s . . . . . . . k1,810
Fuselage moment of inertia (rolling), slug-feet2 . v+ e s+ .« . 30,500
Fuselage moment of inertia (pitching), slug-feet® . . . . . . . 43,200
Fuselage center-of=gravity location (below rotor plane), .
inches . . ¢ v v ¢ 4 ¢ 4 4 4 s s e 8 & & e € o o« s o o s e o« & « 137
Damping constants:
Wheel-strut assembly (front), pound-seconds per foot . . « . . . . 442
Wheel-strut assembly (rear), pound-seconds per foot . . . . . . . Shhk
Pylon (minimum value), pound-seconds per foot . « . . . « . . . . 900
Spring constants:
Wheel-strut assembly -(front), pounds per inch . . . . . . . . . 1610
Wheel-strut assembly (rear), pounds per inch . . . . . . . . . . 308a
Pylon (at zeroc thrust), pounds per inch . . . . ... . . . k600
First chordwise blade bending {on stops), radians per second « -« . 11.90

The third series of flutter tests were divided into two groups of
three runs each and these tests were made with the inbosasrd and outboard
counterwelghts adjusted to the design values as given Iin figure 1.
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During the first group of runs, the model restraints were held in
a position to allow the tires to Jjust clear the floor when the thrust
equaled the gross welght. The rotor speed was slowly lncreased until
flutter was obtalned. In each case the flutter occurred in the symmetric
or collective mode which caused the model to vibrate considersbly in the
vertical directilon.

During the second group of flutier runs, the model was shaken
vigorously by the safety cebles as the rotor speed was lncreased. This
shaking was done in en effort to study the effect of such vibrations on
the flutter mode, flutter speed, and flutter freguency and to see whether
it was possible to excite unstable ground vibrations and flutter simul-
taneously. Flutter was obtained during each run, but no unstéble ground
vibrations were observed. The flutter occurred in the antigymmetric or
cyclic mode.

AMlthough in these tests the initial collective pitch angle, measured
from the angle of zeroc rotor thrust, was set at 0.5°, the rotor was
developing epproximstely 50 pounds of thrust at speeds near the flutter
speeds. This condition was attributed to the fact that the centrifugal
forces acting on the blade-retention straps were sufficiently high to
increase the collective pitch angles by overcoming the stiffness of the
controls. If when flutter is first encountered the power is held con-
stant, the flutter will not contimme; but, instead, the increase in drag
encountered during flutter is sufficient to slow the rotor down until
flutter temporarily dlsappeers. The rotor speed wlll then increase until
flutter reappears and the cycle is repeated.

Flutter tests with rigid pylon.- These flutter tests were msade with
the model rotor mounted on a rigld pylon at a height of 52 inches sabove
the floor. The purpose of these tests was to obtaln a more gqualitative
evaluation of the effect of the wvarilous counterweight configurations.
The blade pitch angle and control stiffness was identical to that used
in the third series of flutter tests, however, the flutter mode was
altered somewhat because the rotor hub was restrained from moving elther
laterelly or wvertically. In addition, the natural frequencles of the
blades were increased spproximstely 25 percent because of the increased
pylon rigidity. The results of these flutter tests are presented in
tgble V. In each test the flutter occurred in the antisymmetric mode
and there was a pronounced tendency for piltch divergence to precede
flutter as the counterweights were progressively removed.

As 8 result of the aforementioned tests, it is concluded that the
model will flutter in either the cyclic or collective mode 1f the natural
torsional frequencies of the bhledes in these modes are similar. If the
model is not externslly excited, i1t will flutter in the collectlive mode;
but if it is extermally excited, it will flutter in the cyclic mode.
These facte are borne out by the third series of flutiter tests, even




though the torsional frequency in the collectlive mode was scmewhat higher
than in the cyclic mode. The flutter speed can be lncreased elther by
increasing the torsional frequencies of the bledes or by placing weights
in the outboard counterweight boxes ahead of the blade leadling edges.

As a result of the flutter tests made with the rotor mounted con a rigild
pylon, 1t 1s concluded that the counterweights are more effective in
preventing divergence than in preventing flutter; however, as shown in
table V, the flutter. speed is somewhat higher with the counterweights
attached.

Ground-~Vibrations Tests

Two series of ground-vibrations tests were conducted on the model.
These tests followed the first two series of flutter tests. During these
tests, the model was completely assembled as shown in figure 3. The test
procedure consisted of raising the rotor speed in increments of %0 rpm
‘until the model beceme aiir-borne. " Following each increment in speed, the

fudelage was rocked in both the pitching and rolling plenes and the
subsequent motion observed and recorded. This procedure was repeated
for each callective piltch setting in an effort to excite possible insta-
bilities but none were observed. The theory of ground vibrations of
helicopter rotors 1s presented in references 5 toc 7 and the reader is
referred to these papers for a discussiont ¢of the significance of the
various parameters involved.

First series of ground-vibrations tests.- For the first series of
ground-vibrations tests, the model parameters were adjusted to values
which were believed to minimize the occurrence of unsitable ground
vibrations; that .i1s, low gross welght, high damping, and high spring
constants:. The runs were made at a blade pitch setting of approxi-
mately 4° and the model hovered at a rotor speed of 274 rpm.

The more significant model parameters for the first series of ground-
vibrations tests are presented in table III. In order to minimize the
possibility of unstable ground vibratlions, the front and rear wheel-strut
aggemblies were adjusted to provide effective damping and spring constants
higher than design conditions. The values of these constants were deter-
mined with the -gross welght of the model supported on the tires. As the
model tended to hover the tire spring constent reduced slightly; thereby,
the effective spring constant of the wheel-strut assembly was reduced.

The effective pylon damping was supplied by the pylon dampers, friction
in the suspension system, and the four air-supply tubes attached to the
pylon. The damping due to. the pylon dampers and the air-supply tubes
remained relatively constant with rotor thrust, whereas the friction
damping varied’considerably, being a minimum when the rotor thrust equaled
the suspended weight of 18.08 pounds. The type of pylon suspension used
(fig. 11) causes the effective horizontel spring constant of the pylon

to decrease slightly with increase in thrust. The effective pylon spring

-«
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end demping constants are given in figure 16 as a function of thrust.
Since a theoretical analysis by the Hughes Aircraft Company showed that
‘the 2-per-revolution vibrations of the pylon induced by the rotor blades
would be diminished by increasing the pylon spring constant above the
design values, coil springs were installed on the pylon to increase the
horizontal spring constant to 61 pounds per inch at zero rotor thrust
with the suspended weight of 18.08 pounds supported on the suspension
gystem. Because of instrumentation and the addition of mass to meet
the inertial requirements of the fuselage, the minimum model weight
corresponding to the minimum gross welght of the full-scsle helicopter
was not realized. :

Runs were glsc made during the first series of ground-vibrations
tests with the pylon dampers removed, the rear brakes both locked asnd
unlocked, and all other parameters unchenged. No unstable ground vibra-
tions were observed. ' ' '

Second series of ground-vibrations tests.- The second series of
ground-vibration tests were conducted in a similar memner except that
the model parsmeters were adjusted, insofar as possible, to the values
which would more likely produce unstable ground vibrations. The one
exception is that the spring constants of the model landlng gear are
slightly higher then the full-scale values. These values were accepted
because the configuration provided lower damping constants. Runs were
made at pitch settings of approximately 39, 59, end 10°. The hovering
rotor speeds at these pitch setilings were 375, 320, and 245 rpm,
respectively. '

The significant model paremeters for the second serles of ground-
vibration tests are contained in table IIT. The strut dampers and springs
were locked in position for these tests, the resulting spring and damping
constants of the undercarriage being attributed solely to the tires.

The tire spring and demping constants were adjusted by reducing the air

pressure of the tires tq eé-pounds per square inch. The pylon dampers

were removed along with two air-supply tubes to reduce the pylon demping
to a minimm. (See fig. 16.) The resultant pylon damping was therefore
supplied by the friction in the suspension system and the two remaining
air-supply tubes. Light coil springs were installed on the pylon to
incresse the horizontal spring constant to 46 pounds per inch at zero
rotor thrust with the suspended welght of 17.82. pounds per inch supported
on the suspension system.

Although only two series of ground-vibratlon tests are reported
herein, a much greater range of operating conditions was actually
covered; that 1s, several intermediate runs were made while approaching
the conditions for the second series of ground-vibrations tests and for
which complete date were not recorded. NRo unstable vibrations were
cbserved.

Foliowing the aforementioned tests, the fuselage was rolled 6° and
tethered in the rolled position to check the possibllity of resonance
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conditione resulting from steady forces such as gravity acting in the
plane of the rotor. Wlith the model peraemelers as stated for the second
series of ground-vibrations tests (see table III) and with a blade pitch
setting of 10o the rotor speed was slowly increased from zero to

260 rpm. The tethering cables were attached to the upper bsy of the
fuselage and used to keep the model wheels in contact with the rloor.

No unstsble vibraetions were observed.

Three-per-Revolution Rotor-Blade Unsymmetric-
Bending Oscillations

During all the flutter runs where the rotor speed exceeded 250 rpm,
e very definite three-per-revolution oscillation occurred. The occur-
rence of this oscillation had not been contemplated, but is believed of
general interest and is therefore given. The oscillation involved anti-
symretric bending of the bladee =nd sppeared as a stable-beat phenomena.
The signal from the oscillation was easily identified on the oscillograph
records (see, for example, the bending of blades 1 and 2 in fig. 17),
but viesual attempts to observe the oscillations with the aid of strobo-
scopic lighting were unsuccessful. Since the oscillograph records for
the second series of flutter tests covered a wlde range of operating
conditions, they were analyzed for the three-per-revolution oscillation
data which are presented in table VI. To give an idea of the relative
amplitode of the osclllations as a function of blade pitch and rotor .
speed, the maximum resgponse was arbitrarily assigned unit amplitude and
the relative amplitude determined. for all other responses. There was
gsome guestion a&s to whether this oscillation would exist if the model
restraints (tethering csbles) were removed. Subseguent tests showed
that the oscillation existed in approximately the same proportions
whether the model was free or restrained. The oscillation was recorded
both while the model was tending to hover and while hovering. Although
the source of the oscillations is not definitely known, it is believed
that the amplitudes are magnified because the oscillations occur within
a range of rotational frequencies whilch are approximately equal'to the
natural frequencies of the blades in second bending while roteting.

CONCLUSIONS

Based on the results of an investigation of the flutter and ground
vibrations of a fa-scale dynemic model of the XH-17 helicopter, the

following conclusions regsrding the flutter and ground¥v1brat;ons
characteristics of the model are made:

1. With the model fuselage rigidly attached to the floor and the
relative motion between the pylon and fuselage eliminated, rotor-blade
flutter of the classical bending-torsion type occurred in the cyclic
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mode at a rotor speed of 369 rpm. The first natural torsional fre-
guencies of the blade at zero rpm were 1L.0 cycles per second in the
cyclic mode and 20.0 cycles per second in the collective mode. These
values correspond to a full-scale tip speed of 789 feet per second and
to full-scale frequencies of 27.65 radians per second and 39.5 radians
per second, respectlively.

2. The flutter speed was ralsed by increasing the cyclic torsional
fregquency of the blades. This increasse was accomplished by lncreasing
the stiffness of the blade-piltch control mechanism.

3. The flutter speed was also raised by placing weights in tte
outboard counterweight box located at %-: 0.85 ghead of the blade

leading edge.

4. With the model completely assenmbled and free to vibrate in all
of 1ts degrees of freedom, and with the blade mass distribution adjusted
to the design value, rotor blade flutter of the classical bending~torsion
type occurred as follows:
a. When the blede torsionsal frequencies were adjusted to
17.4 cycles per second in the cyclic mode and 19.2 cycles per second
in the collective mode and the rotor aspeed was gradually increased
without exfternally vibrating the model, flutter occurred in the
collective mode at a rotor speed of 371 rpm. The blade frequencies
correspond to full-scale values of 34.4t radians per second and
37.9 radians per second, respectively. The flutter speed corre-
sponds to & full-scale tip speed of 794 feet per secomnd:
b. With the blade frequencies adjusted as in item (a) of
this section, the model was shaken vigorously as the rotor speed
was increassed. Flubter was obtalned at a rotor speed of 375 rpm.
In this case, the flubtter occurred in the cyclic mode. The
flutter speed corresponds to a full-scale tip speed of 805 feet
per second. -

5. With the model rotor mounted on a rigid pylon at a helght of
52 inches sbove the floor, the design counterweights appeared to be more
effective in preventing divergence than they were in preventing flutter.

6. No unsteble ground vibrations were observed during any of the
model tests. These tests included departures from the deslgn conflgura-
tion both in the direction which would more llkely produce unstable
ground vibrations and in the direction which would tend to eliminate
such vibrations.

Langley Aeronautical Laboratory
Netional Advisory Committee for Aeronautics
Langley Fleld, Va,.
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TABLE T.- MODEL AWD FULL-SCALE SPANWISE

DISTRIBUTION OF =k

Range of = (1)
R Model Full scale

0.3 to 0.k 0.0308 0.0410
k to .5 7 .0483 ~.ok15
5 to .6 .0L83 .0523
6 to .7 .0508 .0Lkgo
.7 to .8 .0523 .0k60
8 to .9 .0288 .0288
.9 to 1.0 .0323 .0L08
Average 0.0h28 0.0k18

lx is defined as the ratio of a mass of air of a diameter
equal to the blade chord to the mass of the blade, both

taken for equal lengths along the spean.
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TAELE II.- NOIEL AND YULL-SCATR DLADE FREQUENCIES
POR TIE FLUTTER TESTS

E(odel values convertad to corresponding full-scale values by fraguency scals factor, I/\EJ

Freguency
(radiens/mec)
(1)
Mode of vibration Trst acries Second series Third series
Hodel Tull scale Model Full scale Model Full ocale
On orr On orf on off On 314 On off On oL
stops stops =tops rtops atops stope etaps stops wtops ehaps stops stops
2gecond bendlng, antisymatric 16.6 — —r ~——— 16.9 — ~— —— 19.2 6.5 18.3 ——
barding, symmetric 23.1 17.0 — 13.2 %.7 17.0 on.8 ——— 24.3 1.7 20.7 ——
bending, antisymsetric w——— - — —— 2 EErT] ———— m———— 50.2 0.0 —— ——
Phird bendlng, symmetrie S — — h3.% ﬁ-l o ——— —— 0.0 38.1 -— -—--
First torsion, cyclic 29.4 27.9 —— n.6 .2 .k .7 - k.0 3h.6 —— 346
First torsion, collsctive =1.3 3P.9 —— 2.5 h7.2 6.8 9.7 ——— k6.2 3B.2 —— 38.6
lhe fragquencies wers messured at zarc rotor speed with the blade weight distribution as glven in figure 1 {aesign conditicn).
The torsiomal frequencies include the effect of blede pitch control stiffness. ] W
—""-_ =
f8econd bending, antisymeetric -
. — — -
3Becond bending, symmetric e S
— =
bmird bending, snbisymeetric — e == . g
g
Jthird bending, symetric \vﬂ\ _‘-—-..\.__"’/ E
- L}
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TABLE III.- MDDEL AND FULL-SCALE PARAMETERS
FOR THE GROURD-VIBRATIONS TE3TS

E{odel values are presented in terms of full-scale valu.es]

First series Second series
Bcale
Paremeter factor
- Model Full scale|Model |{Full acele
Gross welght, 1D . « « o v o o o . e e e e e e e 103 41,800 34,800 |55,510] 52,200
Fuselage welight, 1b .o & & 4 o o o & « . 103 23,730] 21,826 |37,690f 39,226
Buspended wedght, 1D « « « « « « « & = & « & C e e e e 10§ 18,080 12,97k |17,820| 12,97k
Fuselage moment of ipertie, rolling, slug-ft2 . . . . . 107 30,500| 29,800 [k3,200] 41,100
Fuselage mament of inertia, pitching, slug-£t2 . . . . . 105 43,200 37,600 |[55,h00| 63,500
Fuselage center-of-gravity location, below rotor .
= = 10 137 1k 165 169
Damping constants, 1b-sec/ft « « « « o.e o o « 4 0 « o » 102{T0]
Wheel-strut agsembly, front . « « « « « « o = « o = . Lo 600 253
Wheel-strut asseibly, I'e8r . « » « « = & « « « o « . 54k 518 506
Pylon (Model values are minimm values from fig. 16. 900 56 T27
Effective spring constants, 1b/im. . . . . « .« ¢ « . . 102
Wheel-strut assembly, front - . « ."v ¢ & ¢ & . . . . . 1,610 1,610 2,500 2,085
Wheel-strut a=sembly, TEAT « « « « « « o & + o o o o . 3, 3,050 | 5,000 3,980
Pylon at zero thrust . . . . . « v & o & & & 4 & o .+ . 3,100;. 6,100 3,076 L,600 5 100
IRotor blade frequencies, radians/Eec . . . . .+ o . . . .
Second bending, antisymmetric . . . . . . . . e e 15.1] ==—e--
Becond bending, symmetric . ¢ « 4 ¢ ¢ 4 v 2 0 o e u . 22.3 20.8
Third bending, antipymmetric . « + = o +» « « o « = « & 58.0| ~——u--
Third bending, eymmetric -« « - « « « = « = » = = « « » (21 3o ]| [Ee—
Filrat torsion, cyclic .« -« « ¢ & ¢ ¢ « ¢ ¢ ¢ =« ¢ & o y7.2 k7.8
Pirst torsion, collective . . « &+ = « « = = « « .. 48k 59.7
First chordwise bending - « « « « « &+ o = « « « « = & 14.8 1%5.9
Frequencies of fuselege motion, model blede replaced by
an equivalent mess at rotor hub flange, radisna/sec .
Pitching, brakes oni .
First mode « ¢ & v v 4 4 4 4 o . e e e s e s e s L.o6
Second mode . . . . 4 4 .4 ke s s ke e e 16.40
THATE MOGL « « v o @ o « = « = o « & e e e e 27.70
Pitching, brakes off:
FIXSt mode « « ¢« a.s = 2 o ¢ = « « « o « = e e e e . 5.8 weme-w
Becond mode . . . . . .« . ¢ e i b e a4 e oe e e 1T.30] -—-=emm
THird MO « v v v v = « ¢ & & & & o o o = o o« o 32.50| —-eee-
Rolling: . . 2
Firstmode . . . ¢« & & i 4 4t ettt e e e ———————— R 3.63] ----u-
Second mode R I e ——— 15.47 16.20] —mme—m
R O A A —| 3.7 37.20| —mmeem
Pitching, hovering:
First mode- . . . . . . “ n e e e e s e s s ae 2.90 k.oT
Rolling, hovering: .
First mode . . . . . . . T e s e s e e e w e e e e 3.98 k.51

lme rotor-blade frequencies were measured with the blades resting on the stops at zero rotor speed.
The torsionel frequencles include the effect of the blade-pitch control stiffness. W



TARTE IV.- SUMMARY (F MOTEL FLUTTER TEGT DATA

[Model speeds and frequencies mey be comverted to full-scele valuss vith the ald of fig. 1

Rot Rotor Additional weight Location of
Fluttes Bi::; top |FRdkter Dum;ion speed Bt piriter mode | Flutter Flutter | [0board i cqteq in outbosrdfadditional weight
teat Ensle speozd speed f].u':ter end of 1(y103m 'béﬁing) (vlage tomrsion) froquency (TR | countervelgnt unead of blade
mmber 0 (rzm) fintter (cpa) | (attached box quarter-choyd lins
(deg) | (xpm) (mec) (rpa) or rampved) (1) (4n.)
First series of flutter teats
1 0 369 | 369 2 | Antigymmetric ’ Cyelic ! 11.4% Attached 0 -———
2 0 362 — ‘Ko flutter obtainad » Attached .06 k01
3 0 37 | 3n 2.3 286 | Antisymmetric |  Cyelic 11.05 Attached 086 2.37
4 5 302 £ Bo fintter Ob‘t-nirnld. - | Attached LOhS 5.99
SBecond garies of flutter tests
1 1+ 375 Attached 0.0%6 5.59
2 0 377 Attached o . ——
3 0 369 Removed 0 ——
b 5 366 Attached Oh6 5.59
L] 5 356 Attached 0 ——
6 5 345 Removed 0 ———-
7 8 305 | » Wo flutter obtained ¢ | Removea ) Y -
8 |10 276 Attached .05 3.5
9 |10 291 Atteched 0 ———-
10 |10 287 Removed 0 ———
11 |15 2 | Attached .08 5.39
12 |15 253 Attached 0 ——
13 | a2 | || Bemoved 0 -—--
Third ssries of flutter tests
1 0,530 | 3N 2 13 Bymmetric Collactive 1%.60 Attached 0 “—m=
2 5| 381 | 38T 1.3 319 Syxmetric Collective 15.72 Attached 0 ———-
3 .5 | 387 | 387 1.7 313 Symmetric Collective 15, Attached 0 n——
k A lame | 3w 2.7 327 Antieymmetric Cyclic 12, Attachad 0 ————
] SIS I 1.5 36T Antisymmetric Cyclic 13.0h Attached 0 ——-
6 S 3| o3 | LT 367 | Antisymmetric Cyelic 13.01 | Atteched o —

'can_Q'I W FOWN




TABLE V.- EFFECT OF COUNTERWEIGHTS ON MODEL ROTCR FIUTTER

(Rotor mounted on rigid pylen)

Blade _ Inbosxrd Outboard
Flutter pitch Flutter|Flutter mode |Flutter mode| Flutter co 1ght | countervesght
test speed (blage . (blage |frequency unterye Remarks
or |2081e (rpm) | b ) tormion) (cps) (attached (attached
numh (deg) ending or removed) | or removed)
1 0.5 392 |Antisymmetric Cyclic 13.8 Attached Attached No divergence vieible
before flutter
2 ) 391 |Antisymmetric Cyclic 13.8 " Removed Attached Very little divergence
before flutter
3 5 383 |Amtisymmetric Cyclic 13.8 Attached Removed Considerehle divergence
' before flutter
% 5 3'_?9 At syometric Cyclic 13.9 Removed Removed Divergence 50 pronounced

that only mild flutter
obtained

TSIOGT W VOvH
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TABLE VI.- TABULATION OF DATA ON 3-FPER~REVOLUTION ROTOR

BLADE ANTISYMMETRIC BENDING OSCILLATIONS

lRotor speed
Blade . at which Frequency of’ Approximate
pitch 3-per~revolution 3-per-revolution Relative beat
angle cscillstion osclllation emplitude periocd
(deg) occurred (cps) (sec)
(rpm}
SWith 0.046~pound additional weight located in the outboard countérweight
box, 5.59 inches shead of the blade querter chord.
o 266 (min} 13.30 0.29 —-—-
375 (mex) 18.80 .3k —
2k2 (min) 12.10 .37 3.7
> 366 (max) 18,30 .89 —
10 233 (min) 11.65 .43 -—
276 (max) 13.80 .86 3.3
15 250 (min) 12.50 Sl
251 (max) 12.55 .5h —
With zerc additional weight located in “the outboard counterweight
box (design condition).
o 260 (min) 13.00 0.31 5.4
377 (max) 18.90 .37 2.2
5 271 smin) 13.50 .51 3.5
356 (mex) 17.80 97 3.3
10 232 (min) 11760 .46 -—
291 (mex) 14.55 ST 2.5
15 250 (min) 12.50 .72 _—
253 (max) 12.65 .72 —
With zerc additionsl weight in the outboard counterweight box and
with the Inboard counterweight completely removed.
o 269 (min) 12.95° 0.17 5.5
369 (max) 18.45 .26 —
5 238 (min) 11.50 .29 5.5
345 {max) 17.25 1.00 1.6
10 226 (min) 11.30 0.26 -—
287 (max) 1%.35 .80 2.0
15 250 (min) 12.50 .48 -—=
251 (max) 12.55 .48 ——

1The maximum value was the maximm rotor speed obtalned on the model during

the run.

2 e design blade welght distribution is given in figure 1.

~E



Running weight, lb/rt

NACA RM L50IZ21

180

160

4o

B

8

&0

20

‘-—_l._——-l-- 1
Kodel oounterwelght

23

—
Hodel
————— Full soale
f'__-—_'_——__—i Qutboard oounterwelght\F__:'
| ]
1 L
! : :
] 400 1b [ |
1 ‘ [ . !
! |
lg50 10
i 5 2l 1p L—'——r—-!___:—-—[ _
| ) i Mle—————
|
|
|
l

Full-scale counterwelght Ooncentrated
welghts
Full-scale bearing housing
and droop stop

T 2 3 N .5 6 7 .8
r/R

Figure 1l.- Model and full-scale spanwlse mass distribution, model
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Figure 3.~ Model in preparation for ground-vibrations tests.
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Figure I,- Model with wheel-strut assemblies replaced by flanged
supports in preparation for the first serles of flutter tests.
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Figure 5.- Rotor-blade assembly.
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Figure 6.- Rotor-hub, pylon, and fuselage assembly.

TE






Figure T7.- Rotor-hub and pylon assembly.
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Figure 8.- Wheel-strut sssembly, front.
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Wheel-strut assembly,

rear.

37

NAEA T
. W

L—!’JB;O@.]-






%‘n’é‘%ﬁh Pitch -controli™-Inboard  counterweight '
L9 . Cover plate - Sfrain gages Qutboard counferweight box

Jet nozzles

-+
o0
680" —

Qq 7426 g/‘

Sta. ?B’.oo_i_

Sta. 00

1040
0.297
Slaees0 ==

—Bellows , . Ajrfoi] Section, NACA 23018
Bearing housing | ~ Solidity, o= 0.0555

Filgure 10.- Detall asketch of rotor assembly.
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Vertical link
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Connecting arm A&

Figure 11.- Schematic diagram of rotor-suspension system and detail
of one torslion-spring assembly.
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Figure 12.- Schematic dlagram of pylon.
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Figure 13.- Schematic dlagram of control system.
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